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Abstract 

In this work we present a calculation of both t-channel and s-channel single- 
top production at next-to-leading order in QCD for the Tevatron and for the 
LHC at a centre-of-mass energy of 7 TeV. All the cross sections and kinematical 
distributions presented include leading non-factorizable corrections arising from 
interferences of the production and decay subprocesses, extending previous results 
beyond the narrow-width approximation. The new off-shell effects are found to 
be generally small, but can be sizeable close to kinematical end-points and for 
specific distributions. 



1 Introduction 



The production of a single top quark in hadronic collisions was observed, for the first time, 
two years ago by both the DO and CDF collaborations at the Fermilab Tevatron [HE]- 
Contrary to the top-pair production mechanism, which proceeds via strong interactions 
in the Standard Model (SM), single-top production is mediated by electroweak couplings, 
and thus represents an important window into the charged- current interactions of the top 
quark. Though experimentally challenging, due to the presence of large backgrounds from 
Wj and tt production, this process will play an important role in the physics programme 
of the LHC, where top quarks will be produced at much higher rates than at the Tevatron. 
Measurements of the cross section allow for a direct determination of the CKM matrix 
element, V t b, whose precise value provides a test of the unitarity of the weak-flavour mixing 
matrix [3]. Moreover, the angular correlations of the products of the top-quark decay 
encode information on the spin structure of the Wtb vertex and on the production dynamics 
of the top quark [HE], and can thus be used to set limits on the strength of possible 
anomalous couplings and new-physics effects [6j[7]. Being sensitive to the bottom-quark 
content of the proton, the single-top production cross section also encodes information 
on the bottom-quark parton density, which so far has been theoretically computed from 
the gluon PDF, rather than extracted from experimental data. Finally, beside being an 
important signal in itself, single-top production also represents a background to a number 
of new-physics production channels, including some relevant for Higgs-boson searches (8]. 
For these reasons, an accurate theoretical understanding of single-top production is clearly 
desirable. 

In the SM, a single top quark can be produced via exchange of a virtual, t-channel W 
boson (qb — > q't or qb — > q't), a virtual, s-channel W boson (qq 1 — > tb) or in association 
with a real W (bg — > W~t). At the Tevatron, the largest contribution to the cross section 
comes from the t-channel process, followed by s-channel production, whereas associated 
Wt production is negligible. At the LHC, the t-channel production process still dominates 
the cross section, but the associated production mechanism gives the second largest con- 
tribution, while the s-channel cross section is very small (see, e.g., Ref. [H]). Note that the 
distinction of t-channel and s-channel production is somewhat artificial since, starting at 
next-to-leading order (NLO) in QCD, both processes can give rise to the same physical 
final state. While, from a theoretical point of view, the two channels can always be disen- 
tangled on a diagram-by-diagram basis, depending on the sign of the invariant mass of the 
intermediate W boson, experimentally they are defined by two distinct sets of selection 
criteria and kinematical cuts, chosen in such a way to suppress one of the two processes 
in favour of the other. However, as it will be shown in more detail in Section [3l for some 
observables the contribution of the "wrong" channel can still be sizeable, even after cuts. 
For this reason, a detailed phenomenological analysis generally requires the inclusion of 
both t-channel and s-channel production. The associated production of a top quark with 
a W boson produces very different final-state topologies and, experimentally, its signal can 
be much more easily disentangled from the other two channels. Hence, in the following we 
will ignore this production mechanism and focus our attention on t-channel and s-channel 
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single-top production only. 

Both t-channel and s-channel single-top production have been studied extensively in 
the literature. The NLO corrections to both channels, as well as Wt associated production, 
have been known for a while [TU14T3] . and a fully differential calculation was presented in 
Refs. [Tll[T5]. Electroweak corrections, both in the SM and in the MSSM, have also been 
computed and appeared in more recent works [T6l [TT]. while resummation of soft-gluon 
corrections was studied in, among others, Refs. [THIHH] using the Mellin-space formalism, 
and Refs. [2"0~l l2T] using renormalization-group techniques in the context of soft-collinear 
effective theory. All these works considered the case of a stable top quark, ignoring the 
subsequent decay of the top to lighter, longer-lived particles. 

The decay of the top quark can be included in the, so-called, narrow-width approx- 
imation (NWA), where the top is produced on shell and then allowed to decay. This 
approach allows for the inclusion of realistic cuts on the decay products of the top quark 
and preserves spin correlations between initial and final states. Also, the complexity of the 
calculation is only sightly increased compared to the stable-quark approximation. In the 
NWA framework, NLO corrections correspond to the, so-called, factorizable corrections, 
i.e. (on-shell) corrections to either the production or decay subprocess. NLO QCD analy- 
ses in this framework for the semileptonic top decay were published in Refs. [22TT25] and, 
more recently, with an extended and detailed phenomenological analysis in Refs. [261127] . 

None of the works mentioned so far have included non-factorizable corrections, i.e. 
contributions from virtual and real gluons connecting production and decay subprocesses. 
Such off-shell effects were studied recently in Ref. [28], for t-channel single-top production, 
where the fully differential cross section was computed for a resonant (pf — m\ ~ m t T t ), 
rather than on-shell (pf — mf = 0), top quark. A similar calculation for s-channel pro- 
duction was presented in Ref. [2H] an d non-factorizable corrections to other processes have 
been considered as well [HUHS]- The effective-theory approach adopted in Ref. [28] will be 
reviewed briefly in Section [2j Here it is sufficient to say that the effect of non-factorizable 
corrections was found to be generally small for inclusive-enough observables, consistent 
with previous calculations [321 [33], though they can be locally sizeable near kinematic 
thresholds and for specific distributions. 

Here we extend the results of Ref. [28J to the s-channel production mechanism, get- 
ting an overall view of the process, and present a more detailed analysis of the size of 
these off-shell effects. We also discuss how the t-channel and s-channel mechanisms can be 
experimentally identified. All the results presented in Section [3] include non-factorizable 
corrections and, in most cases, the corresponding prediction in the narrow-width approxi- 
mation is given for comparison. In our calculation we adopt the 5-flavour scheme, setting 
the bottom-quark mass to zero. The relation between the 5-flavour and 4-flavour scheme 
has been extensively studied in Refs. [3H[35]. Furthermore, we generally take the CKM 
matrix to be the unit matrix. However, in Section 13.31 we will briefly discuss how CKM- 
suppressed initial-state configurations can significantly modify the shape of the top-rapidity 
distribution, as first observed by the authors of Ref. [3S] for the tree-level processes. Fi- 
nally, in the present calculation we do not include the matching of the NLO result and 
parton shower Monte Carlo. This was implemented in the programs MC@NLO [371138] and 
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POWHEG [391110]. 

The paper is organized as follows: In Section [2] we will review the effective-theory 
formalism, introduced in Ref. [28], for the calculation of the non-factorizable corrections 
to t-channel single-top production, and illustrate the (trivial) extensions necessary to in- 
clude the s-channel process. In Section [3] we will first give the precise selection rules and 
kinematical cuts we used to define t-channel-like and s-channel-like signatures, and then 
present cross sections and relevant kinematical distributions for the Tevatron (in Section 
13. ip and for the 7 TeV LHC (in Section [372]) . This section also contains a discussion of the 
scale dependence of the NLO results and, as previously mentioned, a brief discussion of 
the importance of CKM off-diagonal partonic channels. Finally, in Section H] we draw our 
conclusions. 

2 Calculation 

In Ref. [28] a formalism was presented that allows for the systematic inclusion of non- 
factorizable and background contributions to the production of a massive, unstable particle. 
The method discussed there is based on a previously developed framework j4lj in which 
the heavy-resonance production is described in an effective-theory (ET) language. Here 
we limit ourselves to a brief review of this method and refer the reader to Refs. [2"8"|BX] for 
more detail. 

2.1 The ET approach to unstable-particle production 

The key point of the approach adopted here is the relaxation of the assumption made 
in the narrow- width approximation of an exactly on-shell massive particle, p x = m x , 
where mx denotes the mass of the particle, for the moment generically referred to as 
X. Instead we consider a resonant, unstable particle with a non- vanishing virtuality, 
p\ — m\ 7^ 0, which is assumed to be much smaller than the unstable-particle mass, 
p\ — m 2 x <C iTT'x- The hierarchy between the virtuality and the mass of the unstable 
particle provides a small parameter, Dx/m x = (p x — m x )/m x , from which a systematic 
expansion of the full matrix element is performed. In this respect, the effective-theory 
approach to unstable-particle production can be seen as a systematisation and extension 
of the pole approximation [I2JI33]. To make this hierarchy explicit, we introduce a generic 
small parameter, 5 < 1, and count D x /m 2 x ~ 5. 

In the effective theory, only low-virtuality modes with q 2 < m x 5 2 are still dynamical, 
and are described by a set of effective fields. These include, in particular, a resonant 
field, $x, to describe the heavy, unstable particle; collinear fields, ipc, describing massless, 
energetic particles; and soft fields, A s , corresponding to low-scale gluonic fluctuations. The 
effects related to the non-vanishing width of particle X are resummed into the leading, 
massive-particle kinetic term of the effective Lagrangian, 




(2.1) 
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where the coefficient, fix, can be related to s = m x —imx^x, the gauge-invariant complex 
pole of the full heavy-particle propag Hard modes with virtuality of order m x are 

not part of the effective Lagrangian. Their effect is instead included in the effective-theory 
calculation through hard matching coefficients, i.e. effective couplings extracted from fixed- 
order, on-shell matrix elements of the full theory. Note that in this context, "on-shell" refers 
to the complex pole of the heavy-particle propagator, i.e. p\ = s = m x —imx^Xi meaning 
that the couplings of the effective Lagrangian are generally complex. This is a feature 
shared with the Complex Mass Scheme, in which the gauge-invariant resummation of 
finite-width effects is obtained through a complex renormalization of masses and couplings 
of the SM Lagrangian [14"] . 

From a practical point of view, the hard matching coefficients and the effective-theory 
matrix elements required can be easily computed using the method of regions (see Refs. [151 
46J) to expand, in powers of 5, the loop integrals of the full theory. In the hard region, the 
integrand is expanded under the assumption that the loop momentum, q, scales as q ~ m X - 
Hard corrections coincide with what, in the language of the double-pole approximation, 
are usually defined as factorizable corrections, i.e. corrections that can unambiguously be 
assigned to the production or decay of the unstable particle. On the other hand, the loop 
corrections in the effective theory encode non-factorizable effects, and can be obtained from 
the soft part of full loop integrals, computed by expanding the integrand according to the 
assumption that the loop momentum scales as q ~ mxS. The correspondence between a 
strict effective-theory calculation and the expansion by regions is schematically given in 
Figure [TJ Note that the separation of hard and soft corrections is gauge invariant and can, 
in principle, be pursued to an arbitrarily-high number of loops [17] . 

For the total cross section, real radiative corrections can be treated as virtual ones, using 
the optical theorem to relate phase-space integrals to loop integrals and expanding with 
the method of regions. In this context, the effective-theory formalism has been previously 
applied to linear-collider phenomenology [48 y 49j. For an arbitrary observable, the inclusion 
of real corrections in the effective-theory formalism poses some problems. First of all, 
the method of regions relies on dimensional regularisation to take care of possible extra 
singularities introduced by the expansion in 5, whereas real corrections in high-energy 
physics calculations are typically computed numerically in D = 4 dimensions. Furthermore, 
in the presence of an extra gluon with momentum q in the final state, it is, a priori, not 
clear what the correct expansion parameter is, given that both p x and (px — q) 2 can 
become resonant. Finally, an arbitrary observable introduces, in general, new scales that 
can hamper the effective-theory expansion in S. 

For the aforementioned reasons, in Ref. [28] we deviated from a strict ET calculation 
and used the full matrix element to compute real corrections. This can, in principle, 
pose a problem since the different treatment of virtual and real corrections could lead 
to uncancelled infrared singularities in the cross section. The cancellation of infrared 
singularities is usually made manifest by adding and subtracting from the NLO cross 
section a suitably chosen term that correctly reproduces the soft and collinear singularities 

■"■In the pole scheme that we are using in this paper, one has the simple relation fix = —iTx- 
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Figure 1: Correspondence between the expansion by regions and the effective-theory cal- 
culation: hard loops (top left) coincide with corrections to the matching coefficient of the 
production vertex (top right), whereas soft loops (bottom left) reproduce the effect of loop 
diagrams in the effective theory (bottom right). 



of the real matrix element, 

da NLO = da v + I d^daj 



da v + J d$da sn u \ + j d§(da R - da suht ) 



(2.2) 



where day and da R denote virtual and real corrections respectively, and d& represents the 
integration over the phase space of the additional final-state particle. The first term in 
the second line of Eq. (J272]) is integrated analytically in D = 4 — 2e dimensions, ideally 
leading to an explicit cancellation of the poles in e, whereas the second term, which is free 
of singularities by construction, can be computed numerically in D = 4 dimensions. Since, 
in our case, the virtual-correction term, da v , is expanded in 5, an exact cancellation of the 
singularities requires that da su u in the first term of ( 12.21) is also expanded consistently, i.e. 

da NLO ~ (d< p + J rf$ dff%£) + jd<t> (da R - da suht ) . (2.3) 

Given that the kinematical configurations described by da su u correspond to a gluon being 
soft or two partons being collinear, in this case the expansion parameter can always be 
clearly identified. Note that Eq. (12. 3p is formally gauge invariant as long as da R contains 
the full set of relevant Feynman diagrams. 
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2.2 ^-channel and s-channel single-top production 



In Ref. [28] the effective theory formalism just described was applied to t-channel single-top 
production. In this work we extend that calculation to include the s-channel production 
mechanism. At the Born level we are thus interested in the three processes: 

t-channel q(pi)b(p 2 ) -» q' (pz)b(p±)W + (pw) , 
q'{Pi)b{p 2 ) -»■ q{P3)b{p4)W + {p w ) , 
s-channel g(pi)g'(p 2 ) -> Kp-z)b(pi)W + (p w ) , (2.4) 

where (q,q') G {(u,d), (c, s)}. The leptonic decay, — ► e+ (Ps) z/ e(p6), is included 
in the narrow-width approximation and, in the following, will be understood. In this 
article we will not give explicit results for the production of an anti-top, t, but our results 
could, of course, be trivially extended to this case. Along the same lines as the calculation 
presented in Ref. [28], we systematically expand the amplitudes for these processes in the 
small parameters a s , a ew and A t = (p w + p b ) 2 — m 2 + im t Y t . Throughout the paper we 
will denote these parameters collectively as 5 and assume the relative scaling 

5 ~ a 2 ~ a ew ~ ^| . (2.5) 

At tree-level, the amplitudes for the three processes (12.41) contain contributions from 
resonant diagrams, containing an intermediate top-quark propagator, and non-resonant 
ones. The latter are further grouped into electroweak non-resonant diagrams and QCD 
background diagrams, in which two electroweak vertices are replaced by strong couplings. 
Accordingly, the amplitude for qb — > q'bW + can be parameterised as [28] 

A*« = S 31 S 42 [gl w Affi + g 3 ew A$f> + ...)+ g ew g 2 s A^ , (2.6) 

where the powers of the strong and electroweak couplings associated with the amplitude 
have been made explicit and appear as upper indices, whereas a lower index denotes a power 
of the resonant propagator A t , i.e. A^P ~ {^t) k and has a prefactor gl w g J s . A similar rep- 
resentation holds for the processes q'b — > qbW + and qq' — > bbW + , whose amplitudes can be 
obtained from the first t-channel process by crossing pi — > — p 3 and p 2 — > —p 3 respectively. 
The term gl w A^^ , which scales as g^^At)^ 1 ~ 5 1//2 , arises from the leading contribution 

of the resonant diagram, whereas g^A^^ ~ 5 3 / 2 accounts for subleading contributions 
from the same diagram, where the resonant propagator is cancelled by higher-order terms 
in 5, or from the electroweak background diagrams. The leading-order term of the matrix- 
element squared thus scales as 5. The contribution of the QCD background diagrams is 
given by g ew ggA^' 2 ^ ~ 5, i.e. they are, in principle, suppressed by only S 1 ^ 2 ~ a s ~ 10% 
compared to the leading resonant contribution. However, the interference between these 
diagrams and the resonant diagram does not contribute to the squared matrix element due 
to the different colour structure of the QCD and purely EW contributions. Thus, at Born 
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level, the first corrections to the matrix-element squared are suppressed by a factor 8 and 
not^ 1 / 2 . 

While terms of 0(S 3 ^ 2 ) in the cross section vanish at the Born level, terms with this 
parametric scaling arise from a subset of one-loop QCD corrections and real-gluon correc- 
tions. These contributions are what, in the following, we define as our NLO approximation. 
The one-loop diagrams are given by virtual corrections to the resonant tree-level diagram. 
Note that only upon expansion in 5 is this subset of corrections gauge invariant. The 
leading term in the expansion in A t /m 2 , given by the sum of leading soft and hard con- 
tributions, was computed in Ref. [28] for the t-channel production processes. Again, the 
analogous result for the s-channel process can be obtained via the replacement P2 -H- — p%. 

While Eq. ( 12. 3 j) requires the use of the full, unexpanded matrix element for the process 
qb — > q'bW + g for the computation of real corrections, here we include only a subset of 
diagrams corresponding to gluonic corrections to the resonant electroweak diagram. This 
clearly violates gauge invariance. However, the omitted diagrams, missing a resonant top 
propagator, are numerically suppressed by an extra power of 5. This is also the case for 
the gauge- violating effects, as long as the condition A 2 /m 2 <C 1 is satisfied. We would like 
to stress that the approximation made here is not a limitation of the method, but a choice 
made out of convenience, which could be easily relaxed. The real-correction amplitudes 
can be found in Ref. [28] . 

Alongside the aforementioned real diagrams, corrections from gluon-initiated partonic 
processes also contribute to the NLO cross section. More precisely, one has to include the 
processes 

gb -> qq'bW + , qg -> q'bbW + , q'g -> qbbW + . 

The required matrix elements can be obtained by suitably crossing the results for the 
process qb — > q'bW + g, given in Ref. [28]. While the first process can be unambiguously 
assigned to t-channel top production, the processes with a bottom and anti-bottom in the 
final state can arise from diagrams with a W boson exchanged in either the t- or s-channel. 
More precisely, the amplitude for the process qg — > q'bbW + can be written as 

<f = 9s 9l (pfa A% + T£6„ , (2.7) 

where the term proportional to A^ 7 g is usually assigned to t-channel single top produc- 
tion, and the term proportional to to s-channel production. As anticipated in the 
introduction, while this separation of the two channels on a diagram-by-diagram basis is 
possible from a theoretical point of view, in general both of them will contribute to an 
experimentally defined observable. This is discussed in detail and quantified in the next 
section. 
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3 Results 



As mentioned earlier, all necessary tree-level, virtual and real amplitudes for the t-channel 
processes were computed in Ref. [28]. The necessary amplitudes for s-channel single-top 
production can thus be obtained from there by crossing. These results were implemented in 
two independent Monte Carlo codes, one adopting the Catani-Seymour dipole subtraction 
scheme [50j, and the other the FKS subtraction method [5T] . 

In this section we will present results for the two hadronic processes 



where N1N2 = pp for Tevatron and NiN 2 = pp for LHC. Jb (Ji) represents a jet generated 
from a bottom quark (antiquark), J\ is a jet generated from a light parton and $t denotes 
missing transverse energy. Clearly, from an experimental point of view, jets generated 
from a bottom quark or antiquark are not distinguishable. This assumption can easily be 
relaxed, however, this is unessential to the discussion of non-factorizable corrections, which 
is the main point of this work. In Eqs. ( 13. ip and (13. 2p . X represents an arbitrary number 
of additional jets which are not generated from b or b quarks. 

Process (13. ip clearly represents a t-channel-like signature, while (13. 2p represents an s- 
channel-like signal. In fact, at LO in QCD, only t-channel diagrams contribute to the 
cross section for ( I3.ip . and ( 13. 2 p is determined by s-channel diagrams only. However, as 
mentioned at the end of Section I2.2[ at NLO in QCD both production channels can con- 
tribute to both experimental signatures due to the mixing arising from the qg processes in 
Eq. ( 12. 7p . While the contribution of s-channel configurations to the first process is negli- 
gible, the t-channel contribution to N\N 2 — > JbJb& + $T + X can be numerically important, 
even after applying suitable cuts to suppress it. This is discussed more quantitatively in 
Sections 13.11 and 13.21 

The input parameters for our numerical analysis are given in Table [TJ The NLO top- 
decay width is used for both Born and next-to-leading order cross sections. Within a 
strict effective-theory approach, in the leading part of the bilinear operator, Eq. ( 12. ip . Qx 
corresponds to the leading-order width within the pole mass scheme. NLO corrections to 
the width (i.e. the matching coefficient Qx) would be taken into account perturbatively. 
However, we decided to resum NLO corrections to fix as well. The difference between these 
two approaches is beyond 0(5 3 ^ 2 ) and our approach avoids large differences due to using 
different input parameters, which could obscure the effect of genuine NLO corrections. 
For the same reason, we use the MSTW2008 NLO PDF set [22] and the corresponding 
value of strong coupling, a s , everywhere. Jets are constructed using a standard k± cluster 
algorithm with a resolution parameter D ms = 0.7, but any other jet definition could equally 
well be used. Unless otherwise specified, the renormalization and factorization scales are, 
by default, set to Hr = Hf = wit/2. 



N X N 2 -> J b Jie + fi T + X , 
iViiV 2 -> JbJ- b e + fl T + X , 



(3.1) 
(3.2) 
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m t = 


172 GeV 


a ew = 0.03394 


M w -- 


= 80.4 GeV 


T w = 2.14 GeV 


M z = 


= 91.2 GeV 


r NLo = x 32813 GeV 



Table 1: Input parameters used for calculating the cross sections and distributions shown 
in Sections IXT1 ET2l and 13^1 



pp J b Jie+fi T + X 


pp ->■ J b J- b e + fl T + X 


p T (J b ) > 20 GeV 
p T (hardest J t ) > 20 GeV 
p T (extra J- b ) < 20 GeV 
fir +Pr{e) > 30 GeV 
120 < m inv < 200 GeV 


p T (J b ) > 20 GeV 
p r (J 5 ) > 20 GeV 

pr(extra Jz) < 15 GeV 
fi T + p T {e) > 30 GeV 

120 < m inv < 200 GeV 



Table 2: Kinematical cuts and vetoes used for Tevatron results. 

3.1 Single-top production at the Tevatron 

We start by presenting results for single-top production for proton-antiproton collisions 
at a centre-of-mass energy of 1.96 TeV. The kinematical cuts and vetoes applied to the 
two processes, (13. ip and (I3.2p . are presented in Table EJ In both cases we apply a (loose) 
constraint on the invariant mass of the Jbe + v e system, defined by 

m- mY (t) = ^{p{J b )+p{e)+p{v)) 2 ) (3.3) 

where the three-momentum of the invisible neutrino can be exactly reconstructed by im- 
posing an on-shell condition for the e + z/ e system, i.e. {p{e) + p{v)) 2 = M"^. The cut on 
mj nv ensures that 5 < 1 and, thus, that the effective-theory counting is satisfied. Fur- 
ther standard cuts are applied on the transverse momenta of the 6-tagged jet and the 
charged lepton, on the momentum of the hardest light jet in process (13. ip or the 6-tagged 
jet in process (13. 2p . and on the transverse missing energy, Finally, for the process 
pp — > JbJie + $x + X we impose a veto on extra 6-tagged jets. This suppresses the contri- 
butions from the s-channel production diagrams, except for the kinematic configurations 
in which the b jet is very forward, and thus undetected. A similar veto is imposed on extra 
light jets in the process pp — > J b Jie + ^T + X to suppress contributions from the t-channel 
diagrams. We would like to point out that our calculation is fully differential, and the cuts 
can, therefore, be easily varied at will. The cuts used here represent a minimal, but still 
realistic, set-up that allows the discussion of non-factorizable corrections. 

Results for the total cross sections, for both the effective-theory calculation (ET) and 
the spin-correlated narrow-width approximation (NWA), are presented in Table [3j As 
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PP — > JbJlZ pT + 




All ± 


IV AST' A 




LO[fb] 


86.89(1)12$ 


88.11(1) 




NLO[fb] 


53.62(5)™ 


54.43(1) 


PP -)• J b J- b e + fi T + X 




ET 


NWA 




LO[fb] 


34.68(l)t|f 7 


35.16(1) 




NLO[fb] 


27.42(2)1^ 


27.79(1) 



Table 3: LO and NLO cross sections for the processes f)3. 1 1) and (j3.2|) . computed using the 
parameters given in Table [1] and imposing the kinematical cuts and vetoes given in Table 
The errors come from scale uncertainty only. All numbers are in femtobarns. 




0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 



Figure 2: Scale dependence of the total cross section for pp — > JbJie + ^T (left) and pp — >• 
JbJie + $T (right) at the Tevatron. The plot shows the LO cross section with LO (dashed 
blue) and NLO (solid blue) PDFs, and the NLO cross section with simultaneous variation of 
factorization and renormalization scale (solid red) and for fixed factorization scale (dashed 
red). 



previously mentioned, the NLO top-quark width and PDFs are used for both the LO 
and NLO cross sections. The total NLO corrections are large, and amount to ~ —38% 
and ~ —21% for pp — > JbJie + ^T and pp — > JbJie + $T respectively. As expected for 
the total cross section, both at LO and NLO the difference between the ET calculation, 
which includes non-factorizable corrections, and the NWA result is small, amounting to 
~ 1.5%, which is compatible with the naive expectation of the accuracy of the NWA, 
i.e. T t /m t ~ 1%. For the process pp — » J b Jie + ^T + X about 96% of the NLO cross 
section is given by t-channel diagrams, whereas the s-channel contribution amounts to 4%. 
For pp — > JbJie + $T + X the s-channel diagrams contribute about 87% of the NLO cross 
section. In this case the contamination from t-channel configurations is sizeable, even after 
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applying cuts specifically designed to suppress it. 

The errors on the values presented in Table [3] are obtained from scale variation only 
(the errors in parenthesis are statistical Monte Carlo errors), i.e. no PDF uncertainty is 
considered. Both renormalization and factorization scale are varied in the interval rat/4 < 
fJ'R = fJ'F < m t- The scale dependence from LO to NLO results is only moderately reduced 
for the pp — > JbJie + J£ T process, whereas it is increased for pp — > J b Jie + ^T- This is partly 
due to the renormalization-scale dependence of the NLO result, which is absent at LO since 
the resonant Born cross section does not depend on the strong coupling constant, a s . This 
is better seen in Figure [2, where several cross sections are shown as a function of the scale 
fx. The dashed red curve, obtained varying the factorization scale in the NLO result while 
keeping the renormalization scale fixed, is clearly flatter than the solid red curve, where the 
two scales were varied simultaneously. The plot also shows that the unusually small scale 
dependence of the LO results does not stem from using the NLO PDFs, since this affects 
the normalization of the result but not the shape. Furthermore, the scale uncertainty of 
the results depends quite strongly on the choice of the central value for /z, and our default 
choice lies close to the region where the scale dependence of the NLO result is stronger. 

We would like to point out that, in a strict effective-theory approach, soft and hard 
contributions are typically renormalized at different scales, /i s <C fih, and then evolved to a 
common factorization/renormalization scale, /i, using suitable renormalization-group equa- 
tions. This evolution effectively resums large logarithms of the ratio In fi s / fih ~ In T t /m t ~ 
In 5, generally improving the scale dependence of the cross sections. In the approach used 
in this work, where real corrections are computed in the full theory, the application of 
the aforementioned procedure is problematic since the separation of real hard and soft 
contributions is not transparent. For this reason, in the present work we evaluate hard 
and soft contributions at the same scale [i = Hh- Given that a s (fi s ) is substantially larger 
than a s {^h)) this might lead to an underestimation of the importance of non-factorizable 
corrections and it may, therefore, be worthwhile studying the effects of large- logarithm 
resummation for generic observables. 

Next we consider the top invariant-mass (defined in Eq. (13. 3p ) distributions which are 
plotted in Figure The two plots show results for the LO and NLO effective-theory 
predictions (blue and red bands respectively) and for the NLO NWA result (green curve). 
The LO prediction in the NWA is a delta function centered at the top mass, and in the plot 
would show as a spike at ra inv = ra t . The blue and red bands are obtained by varying the 
scales in the usual interval, rat/4 < = fip < ra t , in the LO and NLO EFT results. The 
total NLO corrections are very large and negative in the peak region, ra inv ~ ra t , whereas 
they are still large, but positive, in the tail region where the cross section is numerically 
very small due to the rapid Breit-Wigner fall-off. The difference between the red and 
green curves, which gives the non-factorizable and off-shell effects, is relatively small far 
below and above the peak of the distribution. However, non-factorizable corrections are 
large and negative at the peak (especially for the s-channel-like process), and large and 
positive immediately above it. The change in sign of non-factorizable contributions around 
ra inv explains the small difference between the off-shell and on-shell predictions found in 
observables which are inclusive with respect to the top-quark invariant mass, for example 
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Figure 3: Top invariant-mass distributions for the process pp — > JbJie + 'fir + X (upper plot) 
and pp — > JbJie + ^T + X (lower plot) at the Tevatron. The blue band represents the LO ET 
result, the red band the NLO ET result, and the green curve the NLO spin-correlated NWA 
prediction. For the ET results the band width is obtained by varying the factorization and 
renormalization scales in the interval < /x/j = fip < nif. 



the total cross section, discussed above. As was the case for the total cross section, close 
to the interesting region of the peak the scale dependence of the NLO ET result is only 
mildly reduced compared to the LO result for the process pp — > J^Ji^^t (the seemingly 
larger band shown in the central bin of the plot is an effect of the logarithmic scale), and 
is actually increased for the t-channel-like signal. 

In Figures |4] and [5] we present a selection of relevant kinematical distributions. For the 
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process pp 



— > JbJie + $T + X (Figure SJ) we plot the following observables: 



M T (t) = ^\p ± (J b )\ 2 + \P±(e)\ 2 + fl 2 T- (p±(J b ) + P±(e) + fjj^f , 
H T {J b ,J h ) = \p x (J b )\ + \p ± {J h )\, 
Pr(t) = \p±(e) + p±(v) + p±{J b )\ , 





(3.4) 



where p(t) = p{Jb) +p(e) + p(u), the lower indices _L and || denote the momentum compo- 
nents perpendicular and parallel to the beam axis, p{v) and p±{v) represent the missing 
total and missing transverse momenta respectively, and Jh is the hardest, non-6-tagged jet. 
Mr(t) represents the top-quark transverse mass, HT{Jb, Jh) the hadronic transverse energy, 
Pr(t) the transverse momentum of the reconstructed top quark, r)(t) the pseudorapidity of 
the top quark, M inv (e, is, Jh) the invariant mass of the t + v e Jh system, and cos 9s the angle 
between the charged lepton and the hardest light jet in the rest frame of the top quark. In 
all histograms the dark blue solid line represents the LO ET result for the central value of 
the scales, whereas the NLO result is given by the red solid line. The light blue and red 
bands are obtained by varying the factorization and renormalization scales in the interval 
m t/4 < [Ir = Hf < m ti while the orange band comes from varying the factorization scale 
only in the NLO results, keeping the renormalization scale fixed. The dashed magenta 
curve is the (unphysical) NLO result obtained by omitting the processes with a quark 
and gluon in the partonic initial state and both a h and b quark in the final state. This 
artificially removes any processes which could lead to a b jet in the final state, even if that 
jet would not be resolved, and acts as a perfect fe-jet veto. The black dot-dashed curve 
represents the (tree-level) QCD background. 

The total NLO corrections are generally large and negative for the cuts used here, 
reaching up to 50% of the LO result depending on the distribution and on the bin chosen, 
though the shape of the distributions is usually only mildly modified. The bulk of the 
correction arises from the gluon-initiated partonic channels, as follows from comparing the 
solid red and dashed magenta lines. Non-factorizable corrections are typically small. This 
is shown, in detail, in the bottom plots in Figure SJ Here the ratio of the NWA result 
and the resonant result is given for two different implementations of the narrow-width 
approximation, one with exact spin correlations (solid green curve, right scale) and one 
without (dashed green curve, left scale). Off-shell effects amount to about 2 — 3%, except 
close to the edges of particular distributions where they can be much larger (see, e.g., the 
plot for Mr(t)). It is interesting to note that spin-correlation effects can be much more 
important than non-factorizable corrections. This is the case for the pr{t) distribution and 
for cos#s, whereas for other observables the difference between the two implementations 
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Figure 4: Kinematical distributions for pp — > J^J^^t + X at the Tevatron. Top: top- 
quark transverse mass (left) and hadronic transverse energy (right). Centre: top-quark 
transverse momentum (left) and top-quark pseudorapidity (right). Bottom: e + vJj l invariant 
mass (left) and cos 9s (right). See the text for a precise definition of the observables and 
further explanations. 
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Figure 5: Kinematical distributions for pp — > J\yJ^e + f^T + X at the Tevatron. Top: top- 
quark transverse mass (left) and J^Jg invariant mass (right). Centre: top-quark transverse 
momentum (left) and top-quark rapidity (right). Bottom: e + v e Ji invariant mass (left) and 
cos 8b (right) . See the text for a precise definition of the observables and further explanations. 
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of the NWA is small. To further illustrate the size of the spin-correlation effects in the 
cos 9$ distribution, the NLO narrow-width-approximation result without spin-correlation 
is shown in Figure H] (dashed green curve, bottom right plot). Comparing this curve to the 
ET NLO curve (red) shows a dramatic change in the shape of the distribution. 

Non-factorizable effects are much smaller than one would naively expect from the re- 
sult found for the invariant-mass distribution, where off-shell corrections at the peak are 
sizeable. This is partly due to an averaging effect which stems from the fact that, for a 
fixed value of a given observable, O, the top invariant mass, m inv , can, in general, vary 
over a large range of values. Consider, as an example, the top transverse-mass distribu- 
tion, Mr{t). For a fixed- value of Mx(t), the top-quark invariant mass varies in the interval 
M T (t) < m inv < 200 GeV, where the upper cut-off follows from the cuts we imposed. Be- 
cause of the change in sign of the off-shell effects around the peak at m inv = m t , for M^(t) 
smaller than the top mass, large cancellations between positive and negative corrections 
take place, leading to small non-factorizable corrections for M?{t) ;$ 160 GeV. On the 
other hand, if Mr(t) > m t the cancellations are less effective, explaining the relatively 
large off-shell effects close to the distribution edge. A similar reasoning can also be applied 
to other observables. 

In the plots in Figure H] we also show the contribution of QCD background diagrams, 
represented by the black dot-dashed curve. In the effective-theory counting these terms 
are of 0(5 2 ), i.e. subleading compared to the 0(5 3 ^ 2 ) non-factorizable corrections, and are 
thus expected to be numerically negligible. While this is true for some observables, like, for 
example, Mt and Ht, where the shape of the distribution for signal and background are 
qualitatively very different and peak in different kinematical ranges. For others, like pr{t) 
and rj(t), the shape of the QCD background is similar to the signal, and its size comparable 
to the contribution of NLO corrections. For cos 9s the QCD background contributes a 
constant shift of the distribution. The apparent breakdown in the effective-theory counting 
could possibly be explained by the fact that the relation a 2 ~ a ew ~ (pf — m 2 )/m 2 is only 
approximately satisfied since, for the invariant- mass cuts adopted here, \(p 2 — m 2 )/m 2 \ ~ 5 
can be as big as 0.5. 

A set of interesting observables for the process pp — > J b Jie + $T + X are plotted in 
Figure O Besides Mj<(t) and pr{t), for the s-channel-like signal we present histograms for: 

M inv (J b , J- b ) = VWb)+p(J- b )) 2 , 



2 \E t - \p\\(t)\J ' 

M inv (e, v, J~ b ) = y/(p(e)+p(v)+p(J- b )) 
p(e) ■ p(p) 



cos 9 B 



\p(e)\\p(p)\ 



(3.5) 
top r.f. 



where E t denotes the energy of the reconstructed top quark and p(p) is the three- momentum 
of the incoming antiproton. M inv ( J b , J b ) is the invariant mass of the two 6-tagged jets, y(t) 
is the rapidity of the top quark, M inv (e, z/, J b ) represents the mis-reconstructed mass of the 
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pp ->■ J h Jie + $ T + X 


pp ->■ J b J b e + fi T + X 


p T (J b ) > 20 GeV 
p T (hardest J t ) > 20 GeV 
Pr (extra J&) < 15 GeV 
+Pr(e) > 60 GeV 
120 < m inv < 200 GeV 


pr(Jft) > 20 GeV 
pr( J5) > 30 GeV 
Pt (extra Jz) < 15 GeV 
fi T + PT{e) > 60 GeV 
120 < m inv < 200 GeV 



Table 4: Kinematical cuts and vetoes used for LHC results. 



top quark (i.e. the invariant mass obtained using the tagged bottom quark which does 
not come from the decay of the top quark) and cosOg, the angle between the final-state 
lepton and the antiproton beam in the top-quark rest frame. As before, the solid blue and 
red curves represent the LO and NLO resonant result, while the three bands are obtained 
by scale variations, as in the case of the t-channel-like process. In this case, the dashed 
magenta line gives the NLO prediction without the contribution of t-channel-like diagrams, 
while, as before, the lower plots show the ratio of the two implementations of the NWA 
and the effective-theory result at NLO. 

For pp —7- J b Jie + $T + X, the total NLO corrections are smaller than for the t-channel- 
like process, and about 10 — 20% of the LO result for most distributions in the peak 
region. Contrary to pp —> J b Jie + $T + X, the scale dependence of the NLO result is 
reduced compared to the Born prediction, though only mildly. As pointed out for the total 
cross section, the contribution of t-channel diagrams is quite important, even after cuts, 
and comparable to the effect of NLO corrections for some distributions (e.g. M inv (J b , Jj), 
Pr(t) and Mi nv (e, u, Jg)). The non-factorizable corrections are again generally small, and 
usually in the 1 — 3% range. Once more we point out that the two implementations of the 
NWA, with and without exact spin correlations, are significantly different for observables 
involving angles, like cosOb, whereas spin-correlation effects are small for most of other 
distributions. 

3.2 Single-top production at the 7 TeV LHC 

In this section we presents results for single-top production at the LHC at a centre-of- 
mass energy of 7 TeV. Table H] shows the kinematical cuts and vetoes applied to the two 
processes, pp — » J b Jie + $T + A and pp — > J b Jie + $T + A, in this case. The constraints are 
very similar to the ones used for Tevatron, except for harder cuts on the transverse missing 
energy and transverse lepton momentum. 

Results for the total cross sections are given in Table |5j The total NLO corrections 
amount to ~ —53% for the t-channel-like process, whereas for pp — > J b Jie + ^T + X they 
are very small (~ —2.5%). As for the Tevatron, the non-factorizable corrections are small 
(~ 1%), and confirm the naive expectation ~ T t /m t . Of the total NLO cross section for 
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i J J „+ TP | V 

pp —> JbJie Pt + A 




All ± 


TV AST' A 




LO[pb] 


3.460(l)i°i 1 


3.505(1) 




NLO[pb] 


1.609(6)±giSg 


1.642(1) 


pp ->• J b J- b e + fi T + X 




ET 


NWA 




LO[pb] 


0-1654(l)lS 


0.1677(1) 




NLO[pb] 


0-1618(4)1°;^ 


0.1635(1) 



Table 5: LO and NLO cross sections for the processes f)3. 1 1) and (j3.2|) . computed using the 
parameters given in Table [1] and imposing the kinematical cuts and vetoes given in Table [H 
The errors come from scale uncertainty only. All numbers are in picobarns. 
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Figure 6: Scale dependence of the total cross section for pp — > J\,Jie + $T (left) and pp — > 
JbJj,e + J£T (right) at the 7 TeV LHC. The plot shows the LO cross section with LO (dashed 
blue) and NLO (solid blue) PDFs, and the NLO cross section with simultaneous variation of 
factorization and renormalization scale (solid red) and for fixed factorization scale (dashed 
red) . 



pp — > Jf,Jie + ^T + X, only 0.5% arises from s-channel diagrams. On the contrary, for 
pp — > JbJf,e + ^T + X, rj-channel diagrams contribute about 59% of the total NLO cross 
section. This is a consequence of the much larger cross section of t-channel single-top 
production compared to s-channel production at the LHC. For the rj-channel-like signal 
the scale dependence is only mildly reduced at NLO. Again, this can be partly explained 
by the additional renormalization scale dependence introduced at this order, as is clear from 
the left plot in Figure EJ For the s-channel-like signal, the scale dependence is increased at 
NLO. In this case, this can be explained by our default choice for the scales, m t /A < Hr = 
fip < m t , which is very close to the region where the scale dependence of the NLO cross 
section is the strongest and the scale dependence of the Born cross section the weakest. 
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Figure 7: Top invariant-mass distributions for the process pp — > JbJie + ^T (upper plot) 
and pp — > JbJj>e + J£T (lower plot) at the 7 TeV LHC. The blue band represents the LO ET 
result, the red band the NLO ET result, and the green curve the NLO spin-correlated NWA 
prediction. For the ET results the band width is obtained by varying the factorization and 
renormalization scales in the interval < hr = fip < m t . 



From the right plot in Figure |6] it can be clearly seen that above hr = fip = 0.75 m t the 
scale dependence of the NLO result is instead very mild, and much natter than the LO 
result. 

Figure [7] shows plots for the top-quark invariant-mass distribution for the two processes. 
The blue band was obtained varying the scale in the LO cross section in the interval 
iTit/4: < fiR = < mt, and the red band is the analogue result for the NLO cross section. 
The green curve is the NLO prediction in the narrow-width approximation. As for the 
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Figure 8: Kinematical distributions for pp — > J h Jie + $x + X for the 7 TeV LHC. Top: 
top-quark transverse mass (left) and hadronic transverse energy (right). Centre: top-quark 
transverse momentum (left) and top-quark pseudorapidity (right). Bottom: e + vJy L invariant 
mass (left) and cos 9s (right). See the text for a precise definition of the observables and 
further explanations. 
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Figure 9: Kinematical distributions for pp — >• J fe J^e + ^T + X for the 7 TeV LHC. Top: top- 
quark transverse mass (left) and J^Jg invariant mass (right). Centre: top-quark transverse 
momentum (left) and top-quark rapidity (right). Bottom: e + v e Ji invariant mass (left) and 
cos 9 b (right). See the text for a precise definition of the observables and further explanations. 
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Tevatron, by comparing the two NLO predictions one can see that the non-factorizable 
corrections are sizeable (especially for the s-channel-like process) and negative at the peak, 
while they turn positive above m mv ~ m t . We again point out that the change in sign of 
the non-factorizable contributions explains the small off-shell effects observed in the total 
cross section. 

We now come to the discussion of kinematical distributions. In Figure [8] we plot a 
selection of observables for the process pp — > J b Jie + ^T + X. The observables chosen 
are the same ones used for the Tevatron analysis, i.e. M T (t), H T (J b , J h ), prif), r)(t), 
M inv (e, v, Jh) and cos 9s- As in the previous section, the blue and red solid lines are the 
LO and NLO effective-theory prediction for the central value of the scales, while the blue 
and red bands are obtained by varying the scales simultaneously in the interval m t /4 < 

— <™>t- The orange band corresponds to variation of the factorization scale at fixed 
renormalization scale. The dashed magenta line is the NLO result without the quark-gluon- 
initiated processes, and the black dot-dashed line is the contribution of tree-level QCD 
background diagrams. The lower plots show the ratio of the narrow-width implementation 
with full spin correlations (solid green line, right scale) and without (dashed green line, 
left scale) to the resonant result at NLO. 

As for the Tevatron, the total NLO corrections are large and negative, up to ~ 50 — 60% 
in the central bins, and they mainly arise from the gluon-initiated partonic channels. Non- 
factorizable corrections are small, generally less than ~ 5%, except close to particular 
kinematic thresholds. Spin-correlation effects are also small, and comparable in size to 
non-factorizable corrections. An exception to this are observables depending upon angles, 
e.g. cos 9s, where the difference between the two NWA implementations is very large, and 
where an exact treatment of spin-correlation effects is clearly necessary. Also note that at 
the LHC the contribution of the QCD background is smaller, compared to the signal, than 
for the Tevatron. The NLO corrections found here are generally much larger than the ones 
presented in Ref . [27] . Reasons for these large differences will be discussed in Section 13.41 

Kinematical distributions for pp — > J b J b e + J£T+X are given in Figure[9j The observables 
presented are M T (t), M inv (J b , J b ), pxif), y(t), M inv (e, v, J b ) and cos 9b, as for the Tevatron. 
In this case, the dashed magenta line represents the NLO contribution from s-channel dia- 
grams only. We note that the behaviour of the NLO corrections for pp — > J b J b e + ^T at the 
LHC is qualitatively very different from what is observed at the Tevatron. This is a conse- 
quence of the large contributions of the t-channel diagrams. The NLO corrections arising 
from s-channel diagrams only are large and negative, whereas the t-channel contributions 
are large and positive. As a result the total correction to the transverse-mass distribution 
is very small. For M inv (J b , J b ), pr(t), y(t) and M inv (e, z/, J h ) the inclusion of the t-channel 
contributions leads to a distortion of the shape of the distribution, with a sizeable positive 
total correction (~ 20%) in the peak region, and negative corrections in the tail regions. 
This is particularly dramatic for the rapidity distribution, where the plateaux of the LO 
and NLO s-channel result is completely erased by the t-channel corrections. Once more, 
non-factorizable corrections are found to be small in most of the kinematical ranges con- 
sidered here. The same is true for spin-correlation effects, except for the distribution for 
cos9b, as already observed for the Tevatron. 
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Figure 10: Normalized top-quark rapidity distributions for t-channel production at the 
LHC. Leading order results are shown in blue and next-to-leading order results in red. Solid 
and dashed lines represent contributions proportional to |V^| 2 and |Vjd| 2 , respectively. 



3.3 Effects of a non-diagonal CKM matrix 

The calculations presented in this paper so far have assumed that the CKM matrix is 
diagonal. However, if we consider processes proportional to the off-diagonal elements of 
the matrix we can observe some interesting results. In particular, the shape of the top- 
quark rapidity distribution is highly dependent on the flavour of the initial-state partons. 
This effect has been discussed, at tree- level, in Ref. [56] . 

The results shown in Figure [TUl for t-channel production at the LHC, show good agree- 
ment to those found in Ref. [36] at leading order. The events in which the initial-state 
parton is a bottom quark are more central than those in which the initial-state parton is 
a down quark. The size of the next-to-leading order effects means their impact on the 
overall shape of the distributions is negligible. The tree-level differences still dominate. 
However, it is worth noting that for the contributions proportional to |V^| 2 , the inclusion 
of next-to-leading order effects seems to broaden the distribution, further accentuating the 
differences in event centrality between bottom-quark and down-quark initiated events. 

As the main focus of this paper are the NLO corrections to single-top production pro- 
cesses and we have seen that their impact on the shapes of these distributions is negligible 
in comparison to the large differences observed at leading order, further discussion of the 
effects of a non-diagonal CKM matrix will not be made in this paper. 
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pp ->■ J b Jie + fi T + X 



p T (J b ) > 20 GeV ^ T > 20 GeV 

p T (hardest Ji) > 20 GeV 77 (J 6 ) < 2.5 

pr(e) > 20 GeV //(hardest J t ) < 2.0 

120 < m inv < 200 GeV 77(e) < 2.5 



Table 6: Kinematical cuts used for comparison to earlier results. 



3.4 Comparison to earlier results 

As mentioned in Section IX2"| the size of the NLO corrections presented here are, in general, 
much larger than those presented in, for example, Ref. [27\. This is a consequence of 
the different kinematical cuts chosen and, in particular, of the strong veto imposed on 
extra 6-tagged jets. As a validity check, we performed our calculations again for t-channel 
production at the LHC, this time using a different set of kinematical cuts and no veto on 
extra 6-tagged jets. Also, in this section we have evaluated the LO results using LO parton 
distributions. A list of the cuts used is given in Table |6j 

Our results, calculated with these less stringent cuts, are shown in Figure [TTJ Although 
a different set of kinematical cuts were used, it is clear to see by comparison to the results 
shown in Figure EJ that removing the veto on the extra 6-tagged jets leads to a large 
reduction in the size of the NLO contributions. The size of these corrections are also in 
much better agreement with those found in Ref. [27]. 

The major factor contributing to the strong correlation between the veto on extra 6- 
tagged jets and the size of the NLO corrections are the diagrams with initial-state q and 
g partons which result in a final state containing both a 6 and a 6 quark. When using our 
original cuts and vetoes (diagrams in Figure [H]) the NLO contribution to the total cross 
section due to these diagrams amounted to a negative correction of ~ 40% of the leading 
order value. This can clearly be seen in the diagrams by comparing the full NLO result 
(red lines) to the NLO result with the qg contribution removed (dashed magenta lines). 
When we move to our less stringent cuts, however, the NLO contribution to the total cross 
section due to the qg diagrams is reduced to a negative correction of ~ 10% of the leading 
order value. These diagrams still have a large impact on the size of the NLO corrections 
but their importance is substantially reduced in comparison to the case where we employed 
a strong veto. 
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Figure 11: Kinematical distributions for pp — > J^Jie + ^T + X for the 7 TeV LHC with the 
cuts shown in Tabled applied. Top: top-quark transverse mass (left) and hadronic transverse 
energy (right). Centre: top-quark transverse momentum (left) and top-quark pseudorapidity 
(right). Bottom: e + vJh invariant mass (left) and cos 9s (right). See the text for a precise 
definition of the observables and further explanations. 
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4 Conclusion 



We have applied a general method to include non-factorizable corrections for processes at 
hadron colliders to single-top production in the t- and s-channels. Within this effective- 
theory inspired method, non-factorizable corrections are nothing but corrections due to soft 
modes. The corrections to the production and decay parts of the process are reproduced 
by hard effects. This method allows us to include off-shell effects with a minimal amount 
of computation. Of course, spin-correlation effects are also fully included. 

As is well known, spin-correlation effects can be very large for particular kinematic 
distributions. On the other hand, off-shell effects are generally found to be small. For the 
total cross section and most distributions they amount to a correction of the order of 1-3%. 
However, they can be substantially larger for observables that are not inclusive enough in 
the invariant mass of the decay products of the top quark. Apart from the invariant mass 
distribution itself, this is manifest at kinematic edges of certain distributions. 

Thus, even though off-shell effects are small, they can have an impact on precise mea- 
surements of the top-quark mass. Furthermore, we stress that we have evaluated the soft 
(non-factorizable) corrections with the same large scale, //^ ~m ( , as the hard corrections. 
Naively, changing the scale of the soft corrections from \i h to \i s ~ T t would lead to a 
substantial increase in their importance. However, a more careful study is required for a 
consistent resummation of log \i s jnh- We are confident that these, and related questions, 
are best addressed within an effective-theory framework. 
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